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Well-defined  core— shell  gold-palladium@palladium  nanocrystals  (AuPd@Pd)  are  facilely  prepared  by  a 
simple  and  green  wet-chemical  method  at  25  °C.  A  Good’s  buffer,  2-[4-(2-hydroxyethyl)-l-piperazinyl] 
ethanesulfonic  acid  (HEPES),  is  used  as  a  reducing  agent  and  a  shape-directing  agent,  while  there  is  no 
template,  seed,  organic  solvent,  or  surfactant  involved.  The  AuPd@Pd  nanocrystals  are  uniformly 
dispersed  on  graphene  nanosheets  by  ultrasonication,  resulting  in  the  formation  of  graphene  supported 
AuPd@Pd  (G-AuPd@Pd).  The  as-prepared  nanocomposites  exhibit  the  improved  catalytic  activity,  good 
tolerance,  and  better  stability  for  oxygen  reduction  reaction  (ORR)  and  methanol  oxidation  reaction 
(MOR)  in  alkaline  media,  compared  with  the  G-Pd  and  commercial  Pd  black  catalysts.  The  as-developed 
method  may  provide  a  promising  pathway  for  large-scale  fabrication  of  AuPd-based  catalysts. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Direct  methanol  fuel  cells  (DMFCs)  have  attracted  enormous 
attention,  owing  to  their  high  energy  density,  easy  operation,  and 


*  Corresponding  authors. 

E-mail  addresses:  ajwang@zjnu.cn  (A.-J.  Wang),  jjfeng@zjnu.cn,  jjfengnju@ 
gmail.com  (J.-J.  Feng). 

http://dx.doi.Org/10.1016/j.jpowsour.2014.03.131 
0378-7753 /©  2014  Elsevier  B.V.  All  rights  reserved. 


low  handling  temperature  [1,2].  There  are  two  major  reaction 
processes  occurred,  namely  methanol  oxidation  reaction  (MOR) 
on  the  anode  and  oxygen  reduction  reaction  (ORR)  on  the  cath¬ 
ode,  where  Pt  and  Pt-based  materials  have  been  extensively 
investigated  as  both  anode  and  cathode  catalysts  in  acid  media 
[3,4].  However,  the  high  cost  and  scarce  resources  of  Pt  have 
hindered  their  promising  commercial  applications.  Additionally, 
the  Pt-based  electrocatalysts  are  easily  poisoned  by  chemisorbed 
CO-like  intermediates  in  acid  media  [5].  Alternatively,  the 
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kinetics  will  be  greatly  improved  in  alkaline  media,  where  Pt-free 
catalysts  can  be  used  [6].  Moreover,  the  relatively  cheap  and 
more  abundant  Pd  is  a  good  alternative  for  both  ORR  and  MOR  in 
alkaline  media,  as  verified  in  the  literature  [7,8]. 

Besides,  the  enhanced  catalytic  performance  by  incorporating  a 
second  metal  (M)  into  Pd  (Pd-M)  is  attributed  to  the  synergistic 
effects  and  rich  diversity  of  the  compositions  [9].  Recently,  a  variety 
of  Pd-M  nanomaterials  have  been  prepared,  including  Pd-Pt 
[10,11],  Pd-Au  [12,13],  Pd-Ag  [14,15],  and  Pd-Ni  [5,16]  alloyed 
nanostructures.  These  catalysts  displayed  the  improved  catalytic 
activity  for  ORR  or  MOR  in  alkaline  media.  For  example,  Feng  and 
co-workers  synthesized  Pd-Pt  nanodendrites  with  the  enhanced 
electrocatalytic  activity  for  methanol  oxidation,  compared  with 
commercial  Pd  black  and  Pt  black  catalysts  [17].  Chen  et  al.  fabri¬ 
cated  hollow  PdNi  nanoparticles  with  the  higher  catalytic  activity 
than  that  of  the  commercial  Pd/C  toward  ORR  [18]. 

Among  the  numerous  synthesized  bimetallic  nanocrystals,  Au— 
Pd  nanoparticles  are  very  fascinating  for  their  high  catalytic  activity 
[19].  To  date,  many  efforts  have  been  devoted  to  fabricating 
different  Au— Pd  nanostructures,  such  as  Au@Pd  core-shell  nano¬ 
particles  [12],  hollow  Au-Pd  nanostructures  [20],  and  spherical 
Au-Pd  alloys  [21].  Although  these  nanostructures  showed  good 
catalytic  performance  in  fuel  cells,  their  catalytic  features  for  both 
ORR  and  MOR  in  alkaline  media  were  seldom  investigated.  More¬ 
over,  their  large-scale  commercial  applications  were  severely  con¬ 
strained.  This  is  due  to  the  preparation  of  AuPd  nanoparticles 
closely  dependent  on  surfactant  or  organic  agents,  along  with  se¬ 
vere  reaction  conditions.  For  example,  AuPd  nanoparticles  were 
fabricated  at  340  °C  in  the  presence  of  octylether,  oleylamine,  1,2- 
hex-adecanediol,  and  oleic  acid  [22].  In  another  example,  hollow 
AuPd  nanocrystals  were  prepared  by  galvanic  displacement  using 
the  pre-prepared  Ag  nanoparticles  at  160  °C  as  the  template  [20]. 
High  reaction  temperature,  special  experimental  apparatus  or 
complex  reaction  system  are  not  good  for  large-scale  preparation. 
Therefore,  it  is  always  desired  to  develop  a  simple  and  green 
method  to  synthesize  AuPd  nanoparticles  in  a  large  scale  at  25  °C, 
without  any  seed,  organic  solvent,  or  surfactant. 

Moreover,  the  bimetallic  nanoparticles  tend  to  agglomerate 
during  their  repeated  use  in  catalysis  [23].  This  issue  can  be  effi¬ 
ciently  overcome  by  the  development  of  graphene  science  [24], 
because  graphene  has  a  large  specific  surface  area,  two  dimensional 
nanostructures,  good  electrical  conductivity,  and  unique  chemical 
property  [25,26].  Recently,  graphene  is  widely  used  as  a  good 
support  for  loading  metal  catalysts  such  as  Pt  27],  Pd  [28],  PtCo 
[29],  and  PtPd  30]  catalysts. 

Flerein,  we  demonstrate  a  seedless,  simple,  and  green  method 
for  preparation  of  Pd  decorated  AuPd  core-shell  nanostructures 
(AuPd@Pd)  at  25  °C,  just  using  a  Good’s  buffers  of  2-[4-(2- 
hydroxyethyl)-l-pipera-zinyl]  ethanesulfonic  acid  (HEPES)  as  a 
reducing  agent  and  a  shape-directing  agent  [31].  The  as-prepared 
nanoparticles  are  uniformly  loaded  on  graphene  nanosheets  (G- 
AuPd@Pd)  and  examined  as  an  electrocatalyst  for  ORR  and  MOR, 
using  graphene  supported  Pd  dendrites  (G-Pd)  and  commercial  Pd 
black  catalysts  as  references. 

2.  Experimental  section 

2.1.  Chemicals 

Graphite  powder  (8000  meshes),  palladium  chloride  (PdCh), 
chlorauric  acid  (HAuC14),  HEPES,  and  commercial  Pd  black  were 
purchased  from  Aladdin  Company  (Shanghai,  China).  Other 
chemicals  were  of  analytical  grade  and  used  without  further  puri¬ 
fication.  All  the  aqueous  solutions  were  prepared  with  twice- 
distilled  water  in  the  whole  experiments. 


2.2.  Preparation  of  graphene 

The  GO  was  prepared  from  natural  graphite  powder  through 
acid-oxidation  based  on  a  modified  Hummers’  method  [32].  The 
thickness  and  lateral  dimension  of  the  GO  nanosheets  was  about 
1.1— 1.4  nm  and  150  nm  to  9  pm,  respectively.  For  preparation  of 
graphene,  5  mg  of  the  as-prepared  GO  was  dispersed  in  5  mL  of 
water  via  ultrasonication,  resulting  in  a  homogeneous  yellow- 
brown  aqueous  suspension,  followed  by  the  addition  of  3  mL  of 
freshly  prepared  0.01  M  NaBH4.  The  solution  color  quickly  changed 
to  black. 

2.3.  Synthesis  of  the  G-AuPd@Pd 

The  aqueous  solution  of  HEPES  (100  mM)  was  initially  pre¬ 
pared,  and  the  pH  value  was  adjusted  to  7.4  ±  0.1  by  adding 
freshly  prepared  1  M  NaOH  [31].  Next,  6.72  mL  of  water  was  put 
into  2  mL  of  the  above  HEPES  solution,  followed  by  simulta¬ 
neously  putting  into  1.03  mL  of  HAuC14  (24.28  mM)  and  0.25  mL 
of  PdCb  (100  mM).  Notably,  the  concentrations  of  the  HEPES, 
HAuC14,  and  PdCh  solutions  are  50,  2.5,  and  2.5  mM,  respectively. 
Without  shaking,  the  mixed  solution  color  changed  from  purple 
red  to  dark  green,  and  finally  to  black  within  10  min.  The  final 
products  were  collected  by  centrifugation,  and  washed  thor¬ 
oughly  with  water. 

For  preparation  of  the  G-AuPd@Pd,  10  mL  of  the  as-prepared 
AuPd@Pd  suspension  was  mixed  with  5  mL  of  the  above  gra¬ 
phene  suspension  under  ultrasonication.  Control  experiments  were 
performed  only  using  HAuC14  or  PdC^  as  a  precursor,  while  other 
conditions  were  kept  unchanged.  The  as-obtained  products  were 
denoted  as  G-Au  or  G-Pd  accordingly. 

2.4.  Characterization 

The  morphology  and  chemical  compositions  of  the  samples 
were  determined  by  JEM-2100F  high  resolution  transmission 
electron  microscopy  (HR-TEM)  coupled  with  an  energy- 
dispersive  X-ray  spectrometer  (EDS,  Dxford-INCA)  at  an  accel¬ 
eration  voltage  of  200  kV.  High  angle  annular  dark-field  scan¬ 
ning  TEM  (HAADF-STEM)  imaging  and  elemental  mappings 
were  examined  on  a  scanning  transmission  electron  microscope 
(STEM).  The  oxidation  states  were  determined  on  a  K-Alpha  X- 
ray  photoelectron  spectroscopy  (XPS,  ThermoFisher,  E.  Grin- 
stead,  UK)  with  an  Al  Ka  X-ray  radiation  (1486.6  eV)  for  exci¬ 
tation.  The  crystal  structures  were  characterized  by  the  powder 
X-ray  diffraction  (XRD)  pattern  (Rigaku  Dmax-2000  diffrac¬ 
tometer)  using  Cu  Ka  radiation  (A  =  0.15418  nm).  The  UV-vis 
absorption  spectra  were  acquired  on  a  Lambda950  UV/Vis/NIR 
spectrometer.  Fourier  transform  infrared  (FT-IR)  analysis  was 
conducted  in  the  form  of  KBr  pellets  with  a  Nicolet  670  FT-IR 
spectrometer.  Raman  experiments  were  performed  on  a 
Renishaw  Raman  system  model  1000  spectrometer  equipped 
with  a  CCD  detector,  performed  with  a  He/Ne  laser  at  a  wave¬ 
length  of  633  nm.  Thermogravimetric  analysis  (TGA)  was  carried 
out  in  air,  using  NETZSCH  STA  449C  thermogravimetric  analyzer. 
The  samples  were  heated  from  25  °C  to  900  °C  at  the  heat  rate  of 
10  K  min-1. 

2.5.  Electrochemical  measurements 

The  electrochemical  measurements  were  performed  on  a 
CHI832b  electrochemical  workstation  (CH  Instruments,  Chen- 
hua  Co.,  Shanghai,  China)  at  25  °C.  A  three-electrode  system  was 
used  for  all  electrochemical  experiments,  which  included  a 
platinum  wire  as  the  counter  electrode,  an  Ag/AgCl  electrode  as 
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Fig.  1.  (A,  B)  TEM  and  (C)  HAADF-STEM-EDS  mapping  images  of  the  G-AuPd@Pd.  (D)  HAADF-STEM  image  and  cross-sectional  compositional  line  profiles  of  a  single  AuPd@Pd 
nanoparticle.  Insets  show  the  corresponding  size  distribution  in  image  (A)  and  SEAD  pattern  in  (B). 


the  reference  electrode,  and  the  sample  modified  glassy  carbon 
electrode  (GCE)  as  the  working  electrode.  Rotating  disk  elec¬ 
trode  (RDE)  experiments  were  conducted  at  the  Gamry’s  RDE 
(616)  with  a  glassy  carbon  disk  (4  mm  in  diameter).  All  the 
potentials  in  this  work  were  expressed  with  respect  to  the  Ag/ 
AgCl  electrode. 

For  preparation  of  the  G-AuPd@Pd  (the  metal  proportion  is 
78.6  wt%),  6.0  mg  of  the  typical  sample  was  dropped  into  3.0  mL  of 
water  to  form  a  homogeneous  suspension  by  ultrasonication  for 
approximately  30  min.  Then,  6  and  10  pL  of  the  suspensions  were 
uniformly  dropped  onto  the  electrode  surfaces  of  the  GCE  and  RDE, 
and  dried  in  air,  followed  by  covering  a  layer  of  4  and  6  pL  of  Nafion 
ionomers  (0.05  wt%),  respectively.  The  G-Pd  (the  metal  proportion 
is  33.0  wt%),  G-Au  (the  metal  proportion  is  52.8  wt%)  and  com¬ 
mercial  Pd  black  catalysts  modified  electrodes  were  prepared  in  the 
similar  way.  In  addition,  the  Pd  loading  is  about  0.09  mg  cm-2  for 
the  G-AuPd@Pd,  0.06  mg  cm-2  for  the  G-Pd,  and  0.03  mg  cm-2  for 
the  commercial  Pd  black  catalysts  modified  electrodes,  respectively. 

CO-stripping  voltammograms  were  obtained  by  oxidizing  pre¬ 
adsorbed  CO  (COad)  in  0.5  M  H2S04  at  the  scan  rate  of  50  mV  s-1. 
CO  was  bubbled  for  30  min  to  allow  complete  adsorption  of  CO  onto 
the  catalysts.  The  working  electrode  was  maintained  at  -0.1  V,  and 
excess  CO  in  the  electrolyte  was  removed  by  purging  with  N2  for 
30  min. 

The  ORR  polarization  curves  were  recorded  in  oxygen-saturated 
0.1  M  KOH  with  a  sweep  rate  of  5  mV  s-1  at  different  rotation 
speeds  ranging  from  100  to  2500  rpm.  The  Koutecky-Levich  plots 
obtained  by  using  the  inverse  current  density  (j-1)  as  a  function  of 
the  inverse  of  the  square  root  of  the  rotation  rate  (w-1/2)  at  -0.7  V. 
The  slopes  of  the  linear  fitting  lines  are  used  to  calculate  the 
number  of  transferred  electrons  (n)  according  to  the  Koutecky- 
Levich  equation: 


1  1  1  1  1  m 

i  ~  ik  + id  ~  ik  + BwVi  lJ 

B  =  0.2nFC0Dg/3v^/6  (3) 

where  i  is  the  measured  current,  k  is  the  kinetic  current,  id  is  the 
diffusion-limiting  current,  w  is  the  rotate  speed,  n  is  the  number  of 
the  transferred  electrons,  F  is  the  Faraday  constant 
(96,485  C  mol-1),  C0  is  the  oxygen  solubility  ( 1.110  3  mol  L-1),  D0  is 
the  oxygen  diffusivity  (1.9  x  10-5  cm2  s-1),  and  v  is  the  kinetic 
viscosity  of  the  electrolyte  (0.01  cm2  s-1)  [33].  By  putting  these 
parameters  into  the  equation  (3),  B  =  0.0376  n.  And  B  factor  can  be 
calculated  from  the  as-mentioned  slopes.  The  electrocatalytic  ac¬ 
tivity  and  stability  tests  were  conducted  by  cyclic  voltammetry  and 
chronoamperometry  in  1.0  M  KOH,  accordingly,  using  MOR  as  a 
model  system. 

3.  Results  and  discussion 

As  shown  by  the  low  magnification  TEM  image  (Fig.  1A),  the 
product  contains  a  lot  of  uniform  spherical  nanocrystals,  with  an 
average  diameter  of  24.4  nm  (inset  in  Fig.  1A),  which  are  homo¬ 
geneously  dispersed  on  the  surfaces  of  graphene  nanosheets.  The 
corresponding  EDS  analysis  confirms  the  coexistence  of  Au  and  Pd 
elements  (Fig.  SI,  Supporting  information).  Besides,  the  atomic 
ratio  of  Au  to  Pd  is  52.85:47.15,  which  is  similar  to  the  stoichio¬ 
metric  ratio  (1:1)  of  the  precursors.  Besides,  the  GO  was  success¬ 
fully  exfoliated  into  nanosheets  via  ultrasonic  treatment,  clearly 
displaying  the  flake-like  shapes  of  the  GO  nanosheets  (Fig.  S2, 
Supporting  information). 
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Fig.  2.  HR-TEM  images  of  an  individual  AuPd@Pd  nanoparticle. 


Furthermore,  each  nanoparticle  is  decorated  by  plenty  of  tiny 
grains,  as  strongly  supported  by  the  medium  magnification  TEM 
image  (Fig.  1 B),  in  which  a  dark  inner  core  and  a  discontinuous  shell 
with  light  color  assembled  by  many  smaller  nanoparticles,  indi¬ 
cating  the  formation  of  core-shell  nanostructures  on  the  surfaces 
of  graphene  nanosheets.  Furthermore,  polycrystalline  nature  of  the 
Au-Pd  hybrid  nanocrystals  was  demonstrated  by  the  SAED  pattern 
(inset  in  Fig.  IB). 

Importantly,  HAADF-STEM-EDS  mapping  images  (Fig.  1C) 
clearly  manifest  the  formation  of  the  core— shell  AuPd@Pd  nano¬ 
structures.  The  Au  alloyed  with  relatively  less  Pd  content  is  mainly 
distributed  in  the  interior  of  the  nanoparticles,  whereas  much  more 
Pd  content  is  detected  at  the  outside  edge.  As  revealed  by  the 
corresponding  elemental  line  scanning  analysis  (Fig.  ID),  the  core¬ 
shell  nanoparticle  is  constituted  of  alloyed  AuPd  as  a  core  and  pure 
Pd  self-assembled  by  many  tiny  Pd  grains  as  a  shell,  which  are 
expected  to  be  good  for  the  improved  catalytic  performance  of  a 
catalyst  [34,35]. 

For  comparison,  the  morphology  features  of  the  home-made 
G-Au,  G-Pd,  and  commercial  Pd  black  samples  are  also  eluci¬ 
dated  by  TEM  analysis  (Fig.  S3A-C,  Supporting  information).  It  can 
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be  observed  the  metallic  nanoparticles  in  G-Au  (Fig.  S3A, 
Supporting  information)  and  G-Pd  (Fig.  S3B,  Supporting 
information)  samples  are  dendritic  in  shape  and  homogeneously 
dispersed  on  the  RGO  nanosheets  without  obvious  agglomeration. 
Their  morphology  features  are  quite  different  from  the  commer¬ 
cial  Pd  black  sample  that  contains  many  spherical  tiny  particles 
(Fig.  S3C,  Supporting  information).  The  average  particle  sizes  are 
obtained  from  their  histograms,  with  the  values  of  around  38.39 
for  the  G-Au,  36.53  for  the  G-Pd,  and  18.55  nm  for  the  Pd  black 
samples,  respectively.  Additionally,  the  corresponding  size  dis¬ 
tributions  are  30.40-47.9  nm,  30.59-43.20  nm,  and  10.89- 
28.68  nm,  accordingly. 

To  have  deep  insight  on  the  microstructural  information  of  the 
AuPd@Pd  nanoparticles,  FIR-TEM  images  (Fig.  2)  illustrate  the  fine 
crystalline  and  continuous  lattice  fringes  marked  from  the  AuPd 
core  to  Pd  shell  in  a  single  AuPd@Pd  particle.  The  d-spacing  value  of 
the  adjacent  fringes  is  calculated  to  be  2.32  A  for  the  core,  which  are 
close  to  AuPd  alloy  with  a  value  of  2.30  A  [36].  Furthermore,  the 
lattice  spacing  is  coincidently  located  between  pure  Au  (2.355  A, 
JCPDS-04-0784)  and  Pd  (2.246  A,  JCPDS-46-1043),  confirming  the 
formation  of  the  AuPd  alloy.  Meanwhile,  the  lattice  spacing  of 
2.22  A  in  the  shell  corresponds  to  the  (111)  planes  of  Pd  [37]. 
Additionally,  the  AuPd  core  is  decahedral  and  five-fold  twinned, 
indicating  that  its  surface  is  enclosed  by  the  (111)  facets  [38]. 

The  oxidation  states  and  compositions  of  the  G-AuPd@Pd  were 
determined  by  XPS  measurements  (Fig.  3).  The  XPS  survey  spec¬ 
trum  (Fig.  3 A)  illustrates  the  signals  from  Au,  Pd,  O,  and  C  elements, 
revealing  the  formation  of  the  G-AuPd@Pd.  Further  detail  infor¬ 
mation  is  provided  by  high-resolution  XPS  spectra  of  Au  4f  and  Pd 
3d  via  fitting  the  peaks  (Fig.  3B  and  C).  Clearly,  the  oxidation  state  of 
Au  is  zero  valence,  confirming  the  formation  of  metallic  Au  [39], 
while  those  of  Pd  are  assigned  to  metallic  Pd  and  Pd2+  ions  [17]. 
These  results  suggest  the  ease  reduction  of  AuClT  ions  to  Au  atoms, 
owing  to  much  higher  reduction  potential  of  AuClT/Au  (1.002  V) 
than  that  of  Pd2+/Pd  (0.591  V).  Notably,  the  oxygen-containing 
functional  groups  such  as  C-O,  C=0,  and  0-C=0  groups  in  the 
graphene  (Fig.  3D)  remarkably  decrease,  compared  with  the 


Binding  Energy  /  eV 


Binding  Energy  /  eV 


Fig.  3.  (A)  Survey,  (B)  high-resolution  Au  4f,  (C)  Pd  3d,  and  (D)  C  Is  XPS  spectra  of  the  G-AuPd@Pd. 
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original  GO  (Fig.  S4,  Supporting  information),  indicating  the  effi¬ 
cient  reduction  of  the  GO  to  graphene  [40]. 

XRD  analysis  is  a  facile  and  important  tool  to  check  crystalline 
materials.  As  displayed  in  Fig.  4A,  the  XRD  pattern  of  the  G- 
AuPd@Pd  is  provided,  in  which  the  four  diffraction  peaks  corre¬ 
spond  to  the  (111),  (200),  (220),  and  (311)  planes  of  the  face- 
centered  cubic  (fee)  structure  of  metal.  For  comparison,  XRD 
spectra  of  the  G-Au,  G-Pd  nanomaterials,  and  bulk  Au  (JCPDS-04- 
0784)  are  provided.  Clearly,  the  peak  positions  of  the  G-AuPd@Pd 
are  similar  to  those  of  the  G-Au  and  bulk  Au,  rather  than  the  G- 
Pd.  This  is  attributed  to  very  thin  thickness  of  the  Pd  shell  and 
much  less  amount  of  Pd  in  the  core  that  have  nearly  no  contri¬ 
bution  to  the  diffraction  peaks  [41].  In  addition,  the  most  inten¬ 
sive  peak  of  GO  at  around  11.0°  corresponds  to  the  (002)  planes 
with  the  interlayer  spacing  of  0.85  nm.  This  value  is  much  larger 
than  that  of  the  pristine  graphite  (0.34  nm),  owing  to  the 


Fig.  4.  (A)  XRD,  (B)  FT-IR,  and  (C)  Raman  spectra  of  the  G-AuPd@Pd,  G-Au,  G-Pd,  and 
GO  samples. 


intercalated  oxygenated  functional  groups  between  layers  [42]. 
For  the  G-AuPd@Pd,  G-Pd,  and  G-Au,  the  intensity  of  the 
diffraction  peaks  of  the  (002)  planes  decreases  and  shift  to  the 
higher  angle  at  21.4°,  indicating  the  effective  reduction  of  GO  to 
graphene  by  NaBH4  [43]. 

UV-vis  spectroscopy  is  a  feasible  tool  to  characterize  the  G- 
AuPd@Pd  in  the  aqueous  solution  (Fig.  S5,  Supporting  information). 
For  the  G-Au,  a  distinct  absorption  peak  at  554  nm  is  ascribed  to  the 
surface  plasmon  resonance  of  Au  [44].  Alternatively,  no  pro¬ 
nounced  characteristic  peak  is  detected  for  the  G-AuPd@Pd  or  G-Pd 
under  the  same  conditions.  We  speculate  that  the  thin  Pd  shell  has 
the  ability  to  strongly  damp  out  the  surface  plasmon  resonance 
from  the  Au  core  [34],  strongly  demonstrating  the  formation  of  the 
core— shell  AuPd@Pd  particles.  The  UV-vis  spectra  are  further 
confirmed  the  effective  reduction  of  GO  by  the  great  changes  before 
and  after  the  reduction  with  NaBH4.  Specifically,  for  the  initial  GO, 
the  strong  peak  at  228  nm  and  the  smaller  shoulder  peak  at  297  nm 
are  assigned  to  the  tt  -►  tt*  transition  of  the  aromatic  C-C  bond  and 
the  n  -►  7T*  transition  of  the  C=0  bond  [11],  respectively.  After 
reduction  and  further  decoration  with  metallic  nanocrystals,  the 
absorption  peak  at  228  nm  red  shifts  to  255  nm  for  the  G-AuPd@Pd, 
G-Au,  and  G-Pd,  similar  to  that  of  the  graphene.  It  indicates  that  GO 
is  significantly  deoxygenated  and  graphene  is  efficiently  formed  in 
the  nanocomposites  [42],  as  demonstrated  by  the  FT-IR  test  with 
the  sharp  decrease  of  the  main  stretching  peaks  from  the  C-OFI,  C— 
O,  O-H,  and  C=0  groups  (Fig.  4B)  [45]. 

This  assumption  is  well  consistent  with  the  data  from  Raman 
spectroscopy  (Fig.  4C).  The  typical  D  and  G  bands  correspond  to  the 
Aig  breathing  mode  of  the  disordered  graphite  structure  and  the 
doubly  degenerate  E2g  of  graphite  [46],  respectively.  The  corre¬ 
sponding  peak  intensity  ratios  (Jd//g)  are  1.24, 1.22,  and  1.02  for  the 
G-AuPd@Pd,  G-Pd,  and  G-Au,  respectively,  using  the  GO  (JD/ 
Jg  =  0.66)  as  a  reference.  These  results  demonstrate  the  formation 
of  smaller  in-plane  sp2  domains  during  the  reduction  of  GO  and 
again  confirm  the  formation  of  graphene  [40].  Impressively,  the  G 
band  shifts  to  the  longer-wavelength  for  the  G-metal  hybrids,  with 
the  value  of  around  4  cm-1.  This  phenomenon  should  be  attributed 
to  the  enhanced  electric  conductivity  using  graphene  as  a  support 
and  good  electrical  conductivity  of  the  AuPd@Pd  alloys,  along  with 
their  synergetic  effects  [47]. 

The  TGA/DSC  analysis  confirms  the  good  thermal  stability  of  the 
G-AuPd@Pd  (Fig.  5,  curve  a).  For  each  sample,  the  weight  loss  at 
about  100,  200,  and  500  °C  is  assigned  to  the  removal  of  water 
molecules  absorbed  between  the  graphene  nanosheets,  the  pyrol¬ 
ysis  of  oxygen-containing  functional  groups,  and  the  combustion  of 
the  carbon  skeleton  to  CO  or  CO2  [48,49],  respectively.  The  G- 
AuPd@Pd  displays  small  weight  drops  under  the  same  conditions, 


Fig.  5.  TGA  curves  of  the  G-AuPd@Pd  (curve  a),  G-Pd  (curve  b),  and  GO  (curve  c)  samples. 
The  DSC  curves  of  the  G-AuPd@Pd  (curve  a'),  G-Pd  (curve  b'),  and  GO  (curve  c'). 
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similar  to  that  of  the  G-Pd  (curve  b)  and  G-Au  (Fig.  S6,  Supporting 
information),  but  it  is  greatly  different  from  that  of  the  GO  (curve 
c).  These  results  demonstrate  the  decrease  of  the  oxygen- 
containing  functional  groups  in  the  graphene,  further  revealing 
efficient  reduction  of  GO  in  the  present  synthesis.  In  addition,  the 
metal  loading  is  78.6  wt%  for  the  G-AuPd@Pd  (evaluated  via  the 
residual  mass),  which  is  larger  than  those  of  the  G-Pd  (33.0  wt%) 
and  G-Au  (52.8  wt%). 

As  well  known,  the  hydrogen  can  diffuse  into  the  Pd  bulk  to 
form  Pd  hydride,  instead  of  adsorbing  onto  the  Pd  surface,  and  so 
it  is  not  rational  to  calculate  the  electrochemically  active  surface 
area  (EASA)  of  the  catalyst  based  on  the  hydrogen  adsorption/ 
desorption  method.  Alternatively,  CO-stripping  measurements 
are  good  candidates  for  estimating  the  EASA  of  the  Pd-based 
catalysts.  The  EASA  can  be  estimated  based  on  the  following 
Equation  (1)  [11]: 

EASA  =  — (1) 
m  x  C 

where  Q.  is  the  charge  for  CO  desorption-electrooxidation,  m  is  the 
loading  amount  of  Pd,  and  C  (420  pC  cm-2)  [50]  is  the  charge 
needed  for  the  adsorption  of  a  CO  monolayer.  The  EASA  values  are 
93.5  m2  g-’pd  for  the  G-AuPd@Pd  (Fig.  6A).  71.9  m2  g-’pd  for  the  G- 
Pd  (Fig.  6B),  and  7.25  m2  g_1pd  (Fig.  6C)  for  the  Pd  black  catalyst, 
respectively. 

Fig.  7A  shows  the  cyclic  voltammograms  of  the  G-AuPd@Pd,  G- 
Pd,  and  Pd  black  catalysts  modified  electrodes  in  N2-saturated 
0.5  M  EI2SO4  at  a  scan  rate  of  50  mV  s_1.  Clearly,  all  the  catalysts 
display  well-defined  hydrogen  desorption/adsorption  peaks  and 
preoxidation/reduction  peaks.  In  the  positive  scan,  hydrogen 
desorption  emerges  in  the  potential  window  of  -0.2  to  0  V,  and  the 
hydroxyl  species  (OEIad)  adsorption  appears  beyond  0.4  V.  In  the 
negative  sweep,  the  OEIad  are  reduced  from  0.4  to  0.5  V,  and 
hydrogen  is  below  0  V.  Evidently,  the  adsorption  and  desorption 
peaks  of  the  hydroxyl  species  shift  positively  on  the  G-AuPd@Pd, 
compared  with  the  G-Pd  and  Pd  black  catalysts,  revealing  weak 
affinity  of  the  hydroxyl  species  on  the  surface  of  the  G-AuPd@Pd. 
The  shift  is  benefit  to  ORR  and  MOR  51  ],  indicating  that  the  Au  core 
could  improve  their  resistance  to  oxidation.  Moreover,  there  is  no 
characteristic  peak  associated  with  hydrogen  desorption/adsorp¬ 
tion  for  the  G-Au  sample  (Fig.  S7,  Supporting  information),  because 
pure  Au  has  negligible  catalytic  activity  for  hydrogen  adsorption 
[52]. 

The  ORR  measurements  were  performed  in  02-saturated  0.1  M 
KOH  at  a  rotation  rate  of  1600  rpm.  Fig.  7B  shows  the  typical  polar¬ 
ization  curves  of  the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts 
modified  electrodes.  In  each  case,  the  diffusion  limiting  currents  are 
observed  below  -0.30  V,  whereas  the  mixed  kinetic-diffusion 
controlled  region  appears  from  -0.20  to  0  V.  The  current  densities 
are  normalized  with  respect  to  the  geometrical  area  of  the  modified 
electrode.  The  G-AuPd@Pd  shows  a  more  positive  onset  potential 
(-0.01  V),  compared  with  those  of  the  G-Pd  (-0.09  V)  and  Pd  black 
(-0.11  V)  catalysts.  Besides,  the  half-wave  potentials  of  the  G- 
AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  are  -0.09,  -0.14,  and  -0.15  V, 
respectively.  These  results  reveal  the  improved  catalytic  activity  of 
the  G-AuPd@Pd.  Moreover,  the  onset  potential  is  much  positive  for 
the  G-AuPd@Pd,  compared  with  the  core-shell  Au@Pd  (-0.14  V)  in 
the  literature  [53],  owing  to  the  better  support  of  graphene  and  the 
alloyed  feature  of  the  AuPd@Pd  nanostructures.  Additionally,  similar 
catalytic  behavior  toward  ORR  is  observed  for  the  Pd  black  catalyst, 
as  manifested  in  the  literature  [54]. 

It  is  known  that  the  kinetic  current  density  (z'k)  represents  the 
intrinsic  electrocatalytic  activity  of  a  catalyst.  The  Pd  mass  kinetic 
activity  is  obtained  by  normalizing  the  kinetic  current  densities 


against  the  Pd  mass  of  these  catalysts  (Fig.  7C).  It  is  found  that  the 
G-AuPd@Pd  displays  the  significantly  enhanced  mass  kinetic  ac¬ 
tivity  in  the  kinetic-diffusion  controlled  region  (from  -0.05 
to  -0.15  V). 

Besides,  Fig.  7D  provides  the  specific  activity  (which  is 
normalized  to  the  real  Pd  surface  area)  and  mass  activity  at  -0.15  V. 
The  G-AuPd@Pd  shows  the  specific  activity  of  0.401  mA  cnrr2pd, 
which  is  3.8  and  1.1  times  higher  than  those  of  the  G-Pd 
(0.105  mA  cm_2pd)  and  Pd  black  (0.368  mA  cm_2Pd)  catalysts. 
Furthermore,  the  specific  activity  of  the  G-AuPd@Pd  is  higher  than 
the  nanoporous  PdNi  alloys  (0.210  mA  cm-2)  [55]  and  Pt-on-Pd 
nanodendrites  (0.307  mA  cnrr2)  [35]  reported  previously.  Simi¬ 
larly,  the  mass  activity  of  the  G-AuPd@Pd  is  0.174  mA  pg_1pd,  which 
is  2.2  and  8.9  times  larger  than  those  of  the  G-Pd  (0.080  mA  pg_1pd) 
and  Pd  black  (0.195  mA  |ig-1pd)  catalysts. 

More  detailed  investigations  of  the  ORR  kinetic  parameters  on 
the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  modified  electrodes 
were  performed  by  altering  the  rotation  speed  (100-2500  rpm)  at  a 


Potential  /  V  vs.  Ag/AgCI 


Potential  /  V  vs.  Ag/AgCI 

Fig.  6.  CO-stripping  voltammograms  of  the  G-AuPd@Pd  (A),  G-Pd  (B),  and  commercial 
Pd  black  (C)  catalysts  in  0.5  M  H2S04  at  a  scan  rate  of  50  mV  s_1. 
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Fig.  7.  (A)  Cyclic  voltammograms  of  the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  modified  electrodes  in  N2-saturated  0.5  M  H2S04  at  a  scan  rate  of  50  mV  s-1.  (B)  ORR  polarization 
curves  of  the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  modified  electrodes  in  02-saturated  0.1  M  KOH  at  1600  rpm  with  a  scan  rate  of  5  mV  s_1.  (C)  The  corresponding  mass  kinetic 
current  density  at  different  potentials,  and  (D)  specific  kinetic  current  densities  and  mass  kinetic  current  densities  at  -0.15  V. 


scan  rate  of  5  mV  s-1  (Fig.  8A-C).  As  illustrated  in  Fig.  8D,  the 
electron  transfer  number  is  calculated  to  be  4.0,  3.65,  and  3.73  for 
the  G-AuPd@Pd,  G-Pd,  and  Pd  black  at  -0.7  V,  respectively,  veri¬ 
fying  the  efficient  reduction  of  O2  to  FI20  via  the  four-electron 
pathway,  unlike  that  of  the  G-Au  without  any  effect  on  the  ORR 
(Fig.  S8,  Supporting  information). 

The  catalytic  activity  of  the  G-AuPd@Pd  modified  electrode 
was  investigated  by  cyclic  voltammetry  in  1.0  M  KOFI  containing 
1.0  M  methanol  at  a  scan  rate  of  50  mV  s-1  (Fig.  9A).  And  the 


current  values  were  normalized  to  the  geometrical  area  of  the 
modified  electrode.  There  are  two  distinct  peaks  observed  in  the 
forward  and  backward  scanning,  which  are  assigned  to  methanol 
oxidation  and  the  removal  of  incompletely  oxidized  carbona¬ 
ceous  species,  respectively.  It  is  found  that  the  current  density  of 
the  G-AuPd@Pd  is  higher  than  those  of  the  G-Pd  and  Pd  black 
catalysts  under  the  identical  conditions.  And  the  catalytic  current 
density  for  the  Pd  black  catalyst  is  similar  to  those  reported  in  the 
literature  [17,56]. 


Fig.  8.  (A)  Polarization  curves  of  ORR  on  the  (A)  G-AuPd@Pd,  (B)  G-Pd,  and  (C)  Pd  black  catalysts  modified  electrodes  in  02-saturated  0.1  M  KOH  at  different  rotation  rates  at  a  scan 
rate  of  5  mV  s-1.  (D)  The  electron  transfer  number  (n)  of  the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  modified  electrodes  at  -0.7  V. 
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Fig.  9.  (A)  Cyclic  voltammograms  of  the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  modified  electrodes  in  1.0  M  KOH  +  1.0  M  methanol  at  a  scan  rate  of  50  mV  s-1.  (B)  The  cor¬ 
responding  specific  activities,  mass  activities,  and  (C)  chronoamperometric  curves  of  the  G-AuPd@Pd,  G-Pd,  and  Pd  black  catalysts  modified  electrodes  at  a  given  potential 
of  -0.15  V.  (D)  The  forward  peak  current  density  (j)  as  a  function  of  potential  scanning  cycles  of  the  G-AuPd@Pd  modified  electrode.  Inset  shows  the  corresponding  20th,  100th,  and 
200th  cyclic  voltammograms. 


Fig.  9B  shows  the  corresponding  specific  and  mass  activity.  The 
G-AuPd@Pd  shows  the  highest  specific  activity  with  a  value  of 
0.695  mA  cm-2,  which  is  2.3  and  1.1  times  higher  than  those  of  the 
G-Pd  (0.303  mA  cm-2)  and  Pd  black  (0.650  mA  cm-2)  catalysts, 
respectively.  Moreover,  the  mass  activity  of  the  G-AuPd@Pd  is 
0.650  mA  pig-1  Pd,  which  is  larger  than  those  of  the  G-Pd 
(0.218  mA  pig-1  Pd)  and  Pd  black  (0.053  mA  pg-1  Pd)  catalysts, 
respectively.  It  is  noticed  that  the  catalytic  activity  of  the  G- 
AuPd@Pd  is  higher  than  those  of  graphene-supported  Pd 
(0.360  mA  pg-1  Pd)  [45]  and  porous  PdCu  nanoparticles 
(0.363  mA  pg”1  Pd)  [57]. 

Meanwhile,  the  onset  anodic  potential  is  -0.46  V  for  the  G- 
AuPd@Pd,  which  is  100  and  70  mV  more  negative  than  those  of  the 
G-Pd  (-0.36  V)  and  Pd  black  (-0.39  V)  catalysts,  respectively. 
Moreover,  there  is  no  anodic  peak  appeared  in  the  case  of  the  G-Au 
sample  (Fig.  S9,  Supporting  Information),  indicating  the  inactivity 
of  Au  for  MOR.  These  results  manifest  the  easier  oxidation  of 
methanol  with  the  G-AuPd@Pd. 

The  catalytic  activity  and  stability  of  the  G-AuPd@Pd  were 
determined  by  chronoamperometry  in  1.0  M  KOFI  containing  1.0  M 
methanol  (Fig.  9C).  Upon  applying  a  potential  of  -0.15  V  for  6000  s, 
the  initial  and  steady  oxidation  current  densities  of  the  G-AuPd@Pd 
are  larger  than  those  of  the  G-Pd  and  Pd  black  catalysts  under  the 
same  conditions,  further  confirming  the  improved  catalytic  activity 
of  the  G-AuPd@Pd.  Note  that  the  initial  current  density  decays  more 
slowly  for  the  G-AuPd@Pd,  compared  with  those  for  the  G-Pd  and 
Pd  black  catalysts,  verifying  the  better  resistance  of  the  G-AuPd@Pd 
to  the  CO-like  intermediates. 

The  good  stability  of  the  G-AuPd@Pd  is  further  confirmed  by  the 
cyclic  voltammetry  measurements,  in  which  the  electrocatalytic 
current  density  is  almost  kept  constant  within  200  cycles  (Fig.  9D). 
Specifically,  using  the  peak  current  density  of  the  20th  cycle  as  a 
reference,  the  peak  current  density  on  the  G-AuPd@Pd  remains 
about  90.1%  after  100  cycles  and  83.0%  after  200  cycles,  respec¬ 
tively.  These  results  again  indicate  the  enhanced  durability  of  the  G- 
AuPd@Pd.  Furthermore,  the  G-AuPd@Pd  is  remained  almost  un¬ 
changed  after  the  durability  test,  as  revealed  by  TEM  image 


(Fig.  S10,  Supporting  information).  These  features  should  be 
responsible  for  the  improved  electrocatalytic  stability  of  the  G- 
AuPd@Pd. 

The  enhanced  electrocatalytic  performances  of  the  G-AuPd@Pd 
are  ascribed  to  the  following  three  factors,  (i)  Synergetic  effects 
between  Au  and  Pd.  The  incorporated  Au  can  oxidize  the  in¬ 
termediates  adsorbed  onto  the  Pd  active  sites  (Pd-CO)  at  a  rela¬ 
tively  lower  potential  via  forming  ambiguous  Au-OH.  And  more  Pd 
active  sites  are  regenerated  for  the  catalytic  reaction  [58].  (ii)  The 
enlarged  specific  surface  area  is  provided  by  the  Pd  shells  assem¬ 
bled  with  many  small  grains,  and  more  active  sites  are  offered  by 
abundant  atomic  steps,  edges,  and  corner  atoms  located  on  the 
shell  [59,60].  (iii)  Graphene,  as  a  support,  can  enlarge  surface  area, 
facilitate  electron  transfer,  and  prevent  nanoparticles  from 
agglomeration. 

4.  Conclusion 

In  summary,  well-defined  core— shell  AuPd@Pd  nanostructures 
were  fabricated  by  a  simple  and  green  wet-chemical  method,  using 
FIEPES  as  a  reducing  agent  and  a  shape-directing  agent.  The  as- 
prepared  AuPd@Pd  nanoparticles  were  well  dispersed  on  the  sur¬ 
faces  of  graphene  nanosheets  via  simple  ultrasonication,  and  the 
resulting  G-AuPd@Pd  exhibited  the  enhanced  catalytic  activity  for 
ORR  and  MOR  in  alkaline  media,  compared  with  the  G-Pd  and 
commercial  Pd  black  catalysts.  This  is  ascribed  to  the  enlarged 
specific  surface  area,  the  synergetic  effects  between  Au,  Pd,  and 
graphene.  The  developed  approach  can  be  used  for  preparing  other 
efficient  graphene-based  electrocatalysts  in  DMFCs. 
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